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Abstract

We propose a novel bottom-up approach to the bounding of low-dose human cancer risks from

chemical exposures that does not rely at all upon high-dose data for human or animal can

This approach can thus be used to provide an independent “reality check” on low-dose 1

risk estimates that are linear at all doses, and 3) requires only information p 1g background
risk, background (endogenous) exposure, and the additional exogenous. expo; of interest in
order to be implemented. After describing the details of this bott roach, we illustrate

its application using formaldehyde as an example. Results indi

extrapolations from occupational cohort mortality data fo rs exposed to formaldehyde are

overly conservative by substantial margins.

Keywords

bottom-up approach, carcinogenic ri sment, unit risk, q;*, upper 95% confidence bound

ground” concept: at zero additional exposure, we are already somewhere up on the dose-
response curve as a result of our non-zero background exposure, so the slope of the dose-
response relationship at zero additional exposure will necessarily be non-zero and positive. Even
a threshold dose-response relationship will have a non-zero slope at zero additional exposure if
there are some individuals in the population of interest whose thresholds lie below their non-zero

background exposure.
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Then, in 1977, Crump, Harry Guess, and K.L.. Deal published another landmark paper (Crump et

al., 1977) that outlined the statistical and mathematical procedures for estimating and bounding
the low-dose slope of the multistage dose-response model using constrained maximum

likelihood methods and tumor data collected in laboratory animal bioassays conducted at very’

high exposure levels. It was in this paper that the now infamous “q,*”, the upper 95%
confidence bound on the coefficient of the linear term (i.e., the low-dose slope) of the
dose-response relationship, was created, and this value has dominated carcino
assessment ever since.

The dominance of q;* in risk assessment has been a consequence of’t ctors. First, there is
the tyranny of small numbers, i.¢., the small numbers of animals - e been utilized in
laboratory animal carcinogenicity studies, typically, only a imals per sex per dose
group. This number is so small that even if the observ. ncidence in a treated group is

zero (0/50), the exact binomial upper 95% confidenc t on the true response probability is

0.0582, so true risks up to this value cannot be dently ruled out. It is also not possible to

distinguish statistically at the p=0.05 level en a response as high as 0.08 (4/50 tumor-

2

bearing animals) in a treated group and a null response (0/50) in a control group using Fisher’s

conservatively “guessti

about 100,000-fold le:

scond factor behind the dominance of ql* is that until recently, the background exposures
that may be responsible, at least in part, for our background cancer risks have not been quantified
(two notable exceptions are radiation and our background body burdens of dioxin-like
compounds). Generally, little attention has been focused on quantifying background chemical
exposures, and the exposures of interest have routinely been expressed as increments above

whatever the background exposures might be. This is primarily due to the fact that human
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81  background exposures are complicated, uncontrolled, and usually unmeasured, while the animal
82  studies that attempt to carefully control and minimize these background exposures have not

83  routinely included measures of the corresponding internal (endogenous) doses that can arise via

84  normal metabolism and other intermal biochemical reactions.

86  Without knowing what background exposure is, expressed preferably as the concentr;
87  relevant exposure biomarker, e.g., DNA adducts, in the target tissue of interest
88  estimate the slope of the dose-response relationship at low doses has been vi

89  extrapolation from the observed tumor responses in small numbers of ani or occupationally

90  exposed people) at high external exposure levels, which forces us 1 *conundrum.

91  However, this situation has changed recently, and the change cou tfoundly alter carcinogenic

92  risk assessment going forward, at least for those potentiall enic substances that are

93  always present in our bodies, even absent external exp ause they are produced
94  continuously by normal biochemical processes suc abolism and biochemical synthesis
95  and degradation. The key technological advan ferpinning our novel “bottom-up” approach
96  torisk assessment is the extraordinary abil y o distinguish between and separately quantify the

97  relevant internal exposures in targ g that arise from internal background (endogenous) and

98  external (exogenous) sources. In#what follows, we outline this alternative approach to estimating

99  and bounding low-dose cancer r r such substances, and illustrate the potential for its
100  application with the s
101 currently under revi

102

103

104

105

106 sk aryngeal cancer or leukemia. Let Cq represent the mean tissue-specific background

107  steady-state concentration of a biomarker, such as a specific DNA adduct, that is presumed to be

108  causally related to these cancers. Then the ratio Po/Coy provides an estimate of the low-dose slope
109  of the relationship between the cancer risk and the corresponding tissue-specific DNA adduct
110 concentration. Similarly, if Co, represents the lower 95% confidence bound estimate for the

111 same background adduct concentration, then the ratio Po/Cor, provides an upper 95% confidence
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112 bound on the low-dose slope. This latter ratio is thus directly comparable to the q;* derived from
113 high dose animal studies, as well as the upper bound slope estimates for the low-dose linear
114 dose-response relationships that are typically inferred from epidemiologic analyses of

115  occupational cohort cancer mortality, provided only that the dose metrics used in these two kisic

116  of studies (animal bioassays and cohort mortality studies) are converted into the correspo
117  equivalent tissue-specific adduct concentrations.
118

119 The key elements of this bottom-up approach are illustrated in Figure 1. Wh
120  to appreciate is that the central and upper bound slope estimates derived his approach do
121 not depend in any way on high-dose carcinogenicity data for labora mals or humans. The

122 approach thus provides a completely independent “reality check” dose slope estimates

123 like q; * that are derived from analyses of high-dose labora | tumor incidence data or
124 occupational cancer mortality data.

125

126 3. An Illustration of the Bottom-Up A
127 Formaldehyde

128

h'Using Currently Available Data for

129 Formaldehyde is a highly reactive | and an essential metabolic intermediate that is

130 generated endogenously in all E:élls, and N*-hydroxymethyl-deoxyguanosine (dG) adducts

131  have been detected an fied in various tissues of rats (Lu et al., 2010 and 2011) and
132 cynomolgus macaq
133 labelled [°CD,,

134

oeller et al., 2011) exposed to various concentrations of stable isotope-
dehyde by inhalation. These formaldehyde-DNA adducts are potentially

adduction takes place on the amino groups participating in Watson-Crick

135 d adduct formation is widely considered to be a key event in the initiation of
136

137 stration of these adducts provides an excellent internal dose metric with which to illustrate
138 the bottom-up approach to bounding the low-dose slope of dose-response relationships for

139 human cancer risk.
140
141 The use of [°CD,]-formaldehyde permits the simultaneous measurement of both endogenous

142 and exogenous formaldehyde-DNA adducts with sensitive Liquid Chromatography-Electrospray

ED_014350_00000252-00006



143 lonization-Tandem Mass Spectrometry-Selected Reaction Monitoring (LC-ESI-MS/MS-SRM)
144 methods. While endogenous dG adducts were detected in all of the examined tissues, exogenous
145 dG adducts formed with inhaled [°CD,]-formaldehyde were detected only in the tissues taken

146  from the site of initial contact with exogenous formaldehyde, i.e., rat and monkey nasal

147  respiratory epithelium (Swenberg et al., 2011).
148

149 Because no exogenous dG adducts were detected in these studies in any distant s

150  including bone marrow and the blood, we can state with confidence that if s

151  adducts were present in these tissues, then their amounts would necessari

152 than the LC-ESI-MS/MS-SRM method’s detection limit (DL). We

153 method’s DL (reported in Moeller et al. (2011) as 20 x 107 mol)

in undetected in the bone

154  the level of exogenous dG adducts that could be present an

155  marrow of [°CD,]-formaldehyde-exposed monkeys molar DL was converted to an

156  equivalent DL expressed in terms of the number o
157  the average amount of monkey DNA collecte ne marrow samples (Moeller et al,
158  2011), and the amount of guanine (0.20, exp :
159  (Casanovaetal., 1991).
160

161  The formaldehyde-DNA ad.
162  Table 1. These values
163 exogenous dG add

as a fraction) that is present in monkey DNA

utilized in our bottom-up slope calculations are provided in
an + standard error of the number of endogenous and

er 10’dG in nasal respiratory epithelium (2.49 £ 0.23 and 0.25 = 0.020,
164  respectively), ne marrow (17.5 £ 1.31, endogenous dG adducts only) as determined in
165  monkeys fi wo 6 hour exposures to 2 ppm [ °CD,]-formaldehyde (data taken from Table

166 3inS al., 2011). Also presented are the lower 95% confidence bound estimates for

167 dG adducts in both tissues, i.e., the mean values minus 1.645 times their respective
168 eIToTS.
169

170 We have also estimated the corresponding steady-state exogenous dG adduct levels that would
171 result from continuous 24 hours/day, 7 days/week exposure. To accomplish this, we used the
172 adduct levels measured in monkeys by Moeller et al. (2011) immediately after the two 6 hour

173 exposures (30 hours after the onset of the first exposure), together with a simple one

ED_014350_00000252-00007



174 compartment linear kinetic model of adduct buildup and elimination with a 63 hour elimination
175  half-life (mean adduct lifetime T = 63/In(2) = 90.9 hours) as has been determined in rats
176  (Swenberg et al., in press™**). For example, if Cy3o represents the measured exogenous DNA

177  adduct concentration after two 6 hour exposures on consecutive days to a given airborne

178  formaldehyde concentration, and Cig g represents the model-predicted asymptotic stead
179 adduct concentration that would result from continuous exposure to the same airbo
180  formaldehyde concentration, then Cys.s = Cyso/{[ 1—exp(-6/T)]*[1+exp(-24/T)]}
181  The steady-state adduct concentrations that are predicted by this formula to
182 continuous lifetime exposure to 2 ppm [*CD,]-formaldehyde are also pr Table 1.
183

184 At present, we do not have estimates of endogenous or exogenou duct concentrations in

185  human tissues, so we have made the simple assumption th adduct data collected by

186  Moeller et al. (2011) in cynomolgus macaques are dir ant to humans without any
187  interspecies scaling adjustments. For the backgro e risks of developing
have relied on two different sources. For

is provided in USEPA’s 2 June 2010 draft

188  nasopharyngeal cancer (NPC) and leukemia (
189  NPC, we have taken the estimate of 7.25 x 10

C-3 and Section 5.2.2). For leukemia, we used the
e of 1.3 x 10 from Table 1.14 of SEER Cancer
se et al., 2010).

190  formaldehyde assessment (see Tabl
191  Both Sexes, All Race lifetime ri
192 Statistics Review 1975-200
193

194  Table 2 presents th.
195

from using the bottom-up approach with these data and assumptions

196 ifeti xposure to | ppm formaldehyde. To obtain bottom-up estimates

197 1 ppm formaldehyde, we first calculated bottom-up estimates for 2 ppm (the
198 sure level used by Moeller et al. (2011), and then simply divided those estimates by a
199
200

ftwo, since the bottom-up approach assumes linearity of the dose-response relationship.
chose 1 ppm so as to be able to compare our risk estimates simply and directly with those
201  derived by USEPA from epidemiologic data using cumulative formaldehyde exposure as the
202 dose metric, namely 0.011 ppm™ for NPC and 0.057 ppm’™" for leukemia (see Table 6-3, pp 6-41-
203  6-42 of the Agency’s draft assessment).

204
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205  For nasopharyngeal cancer (NPC), the bottom-up upper bound risk estimate (0.038 x 10) is
206  nearly 29-fold lower than USEPA’s “plausible upper bound” estimate of 1.1 x 107, i.e., about
207  1%. In contrast, the bottom-up upper bound estimate of leukemia risk (<3.9 x 10"®) is more than

208  14,000-fold lower than the corresponding USEPA estimate of 5.7 x 107, i.e., about 6%. Th

209  marked disparity between these estimated cancer risks for this distant site suggests strong]
210  the excess risk of leukemia that has been reported in association with workplace form
211 exposures is not due to those exposures. If our plausible assumption that formalg
212 adducts provide a valid molecular dosimeter for relating potential human
213 formaldehyde exposure is correct, then the much larger risks derived by A from the adult
214 human cancer data are overly conservative.

215

216 4. Strengths and Limitations of the Bottom-Up Ap
217

218 We are confident that the estimates obtained from th; ple approach to bounding low-dose
219  human cancer risks are conservative for severa ons. Most importantly, the bottom-up
220  approach attributes al/ of the background r ‘specific cancers to the endogenous

221  formaldehyde dG adducts that are found in the corresponding tissues. If only a fraction f of the

ackground endogenous adduct concentration Co, then it

222 total background risk Po were dug
223 is only this fraction of the tol grz)und risk Py to which our assumed linear dose-response
224 relationship should apply’

225  bound described her:

:slope estimate Po/Co and the associated upper 95% confidence

ould therefore exaggerate the actual slope of the low-dose response and

226  its upper estima onfidence bound by the factor 1/f.

227

228 ach is linear at low doses simply because it assumes linearity at all doses. This
229 roblems if we extrapolate the bounding bottom-up risk estimates to very high

230 stious exposure levels, such as those producing statistically significant increases in tumor
231  incidence in exposed laboratory animals or humans. At such levels, it is expected that the dose-

232 response relationship for tumor incidence may well be highly non-linear due to a variety of
233 factors that become important only at high doses, such as cytotoxicity, tissue damage, and
234  enhanced cell proliferation that markedly increases the probability of mutations. Such non-

235  genotoxic high dose phenomena are not accounted for in our simple linear model, so the

ED_014350_00000252-00009



236  confidence bounds that it generates should not be expected to hold at the high exogenous
237  exposures where these phenomena take place.

238

239  Third, we have used lower 95% confidence bounds on the estimated mean endogenous DNA

240  adduct levels (Co) to generate, by simple inversion, the corresponding upper 95% confide
241  bounds on the slope (Po/Cy) of the linear relationship that has been assumed between risks
242  and steady-state adduct concentrations. This follows directly from a Taylor serig ion of
243 theratio Po/Cy about its expected value when Py is taken to be constant, a
244  herein, and only the estimated mean background DNA adduct concentrat as uncertainty
245  associated with it. In this special case, the variance of the ratio Po/ en approximately by
246  (c.f, Stuart and Arnold, 1994, p. 351): '
247

248 Var(Py/Co) / (Py/Co)* = Var(Cy) / Co*.

249

Equation 1
250 I uncertainty in the estimate of the mean back d risk Py is also characterized and it is
251  independent of, i.e., uncorrelated with, the tainty in Co, as is the case herein, because the
252  estimates of Py and Cy are derived fi o completely different data sets, then the additional
253 uncertainty in the estimated rati t is due to the uncertainty in Py can also be readily
254  accommodated (ibid.):
255

256 Var(Po/Co) / (Po/€0)* = Var(Co) / Co* + Var(Po) / Po’. Equation 2

257

258  The upper 9 onfidence bound on the slope estimate Py/Cy is thus increased as a result of
259 additional uncertainty in Py. Additional discussion of uncertainty in the

260 the ratio Po/Cq in a linear regression context is provided in the Appendix.

261

262 ourth, for the case of leukemia, exogenous DNA adducts were never detected in monkey bone

263  marrow even though the methodology has the sufficient statistical power to detect a single N*-
264  hydroxymethyl-deoxyguanosine adduct in 10 billion deoxyguanosine molecules. We have
265  therefore assumed, as a worst case, that exogenous DNA adducts could have been present at a

266  level just barely below the detection limit of the ultrasensitive LC-ESI-MS/MS-SRM

ED_014350_00000252-00010



267  methodology. One could reduce this estimate substantially using less conservative assumptions
268  regarding the sampling distribution of non-detected exogenous DNA adduct concentrations (c.f.,
269  Ginevan and Splitstone, 2004, pp 123-125).
270

271  Fifth, we have made reasonable assumptions in converting adduct concentrations measurg
272  monkey tissues after two 6 hour/day exposures to 2 ppm airborne formaldehyde on ¢
273  days to the higher steady-state adduct levels that would arise from continuous o the
274  same airborne formaldehyde concentration for a lifetime, but our extrapolati
275  linear pharmacokinetic model has not yet been validated. Data from long m studies out to
276 28 consecutive days of exposure are currently being analyzed, so th.
277  regarding the half-life of formaldehyde DNA adducts should be b

278

ning uncertainty

olved in due course.

279  Even so, the cross-species extrapolation from DNA ad btained in monkeys to human

280  formaldehyde exposures remains unvalidated. Ho nvalidated assumptions can be

281  replaced at some point with data-driven altern ‘or example, in the near future, we expect

282  to obtain data regarding endogenous forma de dG adducts in human tissues. Human blood

283  samples are readily obtainable, and opp
284
285
286
287
288
289
290
291
292
293

unistic sampling of other critical tissues such as nasal

ificar dose-response relationship between cancer risks and DNA adduct concentrations in

et tissues, even though the true dose-response may be highly nonlinear at sufficiently high
294  exogenous exposure levels. For this reason, we advocate the bottom-up approach only as a

295  potential means for generating tighter upper bounds on low-dose human cancer risks than it may
296  be possible to achieve with top-down approaches. The bottom-up approach may not be

297  appropriate for developing “best” or central estimates of low-dose human cancer risks which, at

10

ED_014350_00000252-00011



298  least in our view, can best be accomplished through a comprehensive and deep mechanistic

299  understanding of exactly how chemical exposures give rise to human cancer.

300

301 & Summary

302

303 The Luetal. (2010, 2011) and Moeller et al. (2011) LC-ESI-MS/MS-SRM methodol

304  differentiates clearly between DNA adducts formed with formaldehyde moleculg: idogenous
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320 , ecular dosimetry information for formaldehyde DNA adducts in the
321 sptoach to estimate upper-bound lifetime human nasopharyngeal cancer and

322

323 provides a totally independent “reality check” on estimates derived with the conventional

324

top-down approach to human cancer risk assessment. Comparison of the resulting bottom-up
325  risk estimates with corresponding top-down estimates derived by USEPA from epidemiologic
326  data for exposed workers show the latter to be markedly higher. The large discrepancies

327  between the results we obtained with molecular dosimetry data incorporated into the bottom-up

328  approach and those that relied on worker cancer mortality and uncertain retrospective

11
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329  occupational exposure reconstructions call into serious question the credibility of attributing
330 large increases in human mortality from these cancers to occupational formaldehyde exposure.
331
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405  Appendix

406

407  An anonymous reviewer pointed out to us that estimation of - percentile confidence

408  bound on the slope of the dose-response curve near the nd exposure level Cy can also be
409  considered in the context of linear regression, with t ession line forced through the origin
410  (c.f, Neter et al., 1996, pp 159-163). The situati “are concerned with here is a special one,
411  because there is only one Y value, namely P ch is derived from national cancer statistics,

412 ie., the Yi (Poi) values that would be a

jated in a regression context with the n individual Xj
413  measurements of the background ¢ s DNA adduct concentration (Cg;) are actually all
414  equal to the single mean back isk estimate Py. Given this constraint, it is not difficult to
415  show algebraically that the slope estimate by resulting from linear regression through the origin

416  of'the equal Y; on the; dual Cy; is given by:

417

418 Equation Al

419

420 : | o) 1s the estimated variance of the Cy;. So long as Var(Cy) is small compared to COZ,
421 in curly brackets in Equation A1 will be close to unity in value, and the regression slope
422 mate b; will be approximately equal to Po/Co, but in any case, b; will always be smaller than

423 theratio Po/Cy. Thus Po/Co will be a conservative, i.e., larger, estimate of the low-dose slope

424  than the linear regression estimate b; given in Equation Al.

425

14
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426  In addition, the estimated variance of the regression slope estimate b; for this special case of
427  equal Y; can be shown algebraically to be given by:

428

429 Var(b;) = b,** [(Var(Co)/n)/Cq’]. Equation A2
430

431  Thus, the percentiles of the sampling distribution for b; in this special case are exact]
432  complementary to those of the sampling distribution of the mean background D
433 concentration Cy, i.e., an upper 95% confidence bound on the regression sl
434 corresponds exactly to a lower 95% confidence bound on the mean backg
435  concentration.

436 |
437  When the additional uncertainty associated with individual nd risk estimates Py; is
438  considered, so long as there is no covariance between t Cqi, as 1s the case here, the
439  regression estimate of b; remains the same as that ‘equation Al. However, the estimated
440  variance of b, changes to:

441

442 Var(b;)/ by* = (Var(Co)/n)/Co’#
443 Equation A3
444
445
446
447

448

ar(Po)in)Pi) * 1 + (1)) Var(Co) o],

risk estimat

15
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449  Highlights

450 The new bottom-up approach does not rely on high-dose cancer data to estimate low-dose
451 risk

452

453 It utilizes background human cancer risk and background exposures from endogenous
454 sources

455

456 It is low-dose linear and consistent with the “additivity to background” risk

457

458 It provides an independent “reality check” on top-down estimates deri high-dose
459 animal or human cancer data

460

461 For formaldehyde, the bottom-up risk estimates are markedly

462 top-down estimates

463

16
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464  Figure Captions
465
466  Figure 1. Illustrating the “bottom-up” approach to bounding additional human cancer risks that

467  may be associated with low level chemical exposures. Py is the background lifetime risk of a

468  tissue-specific cancer. Cy and Cqp, are the central and lower 95% confidence bound estim
469  the steady-state background concentration of specific DNA adducts linked to the cancer
470  same tissue. P and P, are the bottom-up central and upper 95% confidence bound e of
471  the low-dose slope of the cancer risk-DNA adduct relationship.

472
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474

475
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476
477
478
479
480
481
482

483
484
485
486
487

Table 1. Endogenous and exogenous DNA adduct concentrations (per 10’dG) in nasal epithelial
tissue and bone marrow of cynomolgus macaques exposed via inhalation for 6 hours on two
consecutive days to 2 ppm [°CD,]-formaldehyde (data taken from Moeller et al. (2011)). Also
shown are the 8.85-fold higher steady-state exogenous adduct concentrations that are expected to
result from lifetime continuous inhalation exposure to 2 ppm [°CD;]-formaldehyde (see text for

details).
Tissue Endogenous Adducts | Exogenous Adducts | Exogeno ucts
at 30 hrs at 30 hrs ; e

Nasal Epithelium

Mean =+ se 249+£0.23 0.250 +G6.020 +0.18
Lower 95% Bound 2.11

Bone Marrow

Mean =+ se 17.5+1.31 <0.00912°

Lower 95% Bound 15.34

a: no exogenous adducts were detected in bone marrew;
detection limit reported in Moeller et al. (20
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Table 2. Comparison of estimated lifetime risks of developing nasopharyngeal cancer (NPC)
and leukemia (LEU) from continuous lifetime inhalation exposure to 1 ppm formaldehyde, as
estimated with the bottom-up approach and, alternatively, by USEPA using top-down linear
extrapolation from epidemiologic data (as taken from Table 6-3, pp 6-41-6-42 of the Agency’s 2

June 2010 draft assessment).

Background Bottom-Up Bottom-Up
Cancer Risk, Py Slope, Po/Cor” Risk at 1 ppm" pm
NPC 725x 10™ 344 x 10™ 0.038x 10°
LEU 1.30x 107 8.50x 10™ <39x10 57x 107

a: for NPC,344x 107 =725x10"/2.11
for LEU, 8.50x 10 =130x102/153

b: for NPC, 0.038 x 107 =344 x 107 x (2.21/2)
for LEU, <3.9x 10°=28.50 x 107 x (<0.00912/2).
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